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In order to improve our understanding of rock fracture and fault instability driven by high-pressure ﬂuid
sources, the authors carried out rock fracture tests using granite under a conﬁning pressure of 80 MPa
with ﬂuid injection in the laboratory. Furthermore, we tested a number of numerical models using the
FLAC3D modeling software to ﬁnd the best model to represent the experimental results. The high-speed
multichannel acoustic emission (AE) waveform recording system used in this study made it possible to
examine the total fracture process through detailed monitoring of AE hypocenters and seismic velocity.
The experimental results show that injecting high-pressure oil into the rock sample can induce AE ac-
tivity at very low stress levels and can dramatically reduce the strength of the rock. The results of the
numerical simulations show that major experimental results, including the strength, the temporal and
spatial patterns of the AE events, and the role of the ﬂuid can be represented fairly well by a model
involving (1) randomly distributed defect elements to model pre-existing cracks, (2) random modiﬁca-
tion of rock properties to represent inhomogeneity introduced by different mineral grains, and (3)
macroscopic inhomogeneity. Our study, which incorporates laboratory experiments and numerical
simulations, indicates that such an approach is helpful in ﬁnding a better model not only for simulating
experimental results but also for upscaling purposes.
 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
In recent years, there has been a rapid increase in operations
such as the use of enhanced geothermal systems (EGS), shale gas
fracking, enhanced oil/gas recovery (EOR/EGR), and the geological
storage of CO2 and other ﬂuid wastes. In these applications, ﬂuids
with various viscosities and temperatures are intensively pumped
under high pressure into deep formations in the crust. As a result,
injection-induced earthquakes and other risks related to injection-
induced rock deformation and failure have attracted growing
attention (Zoback and Gorelick, 2012; Zoback et al., 2012;
Ellsworth, 2013; Lei et al., 2013). Diffusion of high pore pressure
and migration of pressurized ﬂuids in the crust may lead to fault
instability, and even large earthquakes (Miller et al., 2004;f Rock and Soil Mechanics,
ics, Chinese Academy of Sci-
hts reserved.Giammanco et al., 2008; Lei et al., 2008; Yamashita and Suzuki,
2009). Acoustic emission (AE) and microseismicity are helpful
sources of underground information that can be used for moni-
toring purposes. The potential for damaging earthquakes induced
by artiﬁcial operations is a controversial issue that has been the
cause of delays and has threatened cancellation of some projects
such as the recent project at Basel (Deichmann and Giardini, 2009),
and thus should be properly addressed. An increasing number of
studies have been motivated by the desire to be able to control or
predict the occurrence of damaging earthquakes. Here, geo-
mechanical modeling is a key part of the work for all purposes and
sites. In order to make highly reliable models, the mechanical
properties of rocks and formations at different scales must be suf-
ﬁciently investigated. This requires integrated studies of laboratory
experiments, numerical approaches and ﬁeld tests. It is well
documented that laboratory simulations of rock fracture, including
earthquakes in the crust, and AE events in stressed rocks are similar
in many ways. Thus many studies use laboratory AE as a method of
modeling seismicity and rock fracturing (Scholz, 1968; Mogi, 1974;
Lockner et al., 1991; Main, 1991; Lei et al., 2000a, b; 2004; Zang
et al., 2000; Thompson, 2005; Thompson et al., 2006, 2009; Lei
and Satoh, 2007). However, bridging between different scales is
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tool for upscaling and injection management, which require
probability-based predictions.
The purposes of this study are (1) to gain comprehensive
knowledge about the inﬂuence of high-pressure viscous ﬂuid on
rock fracture and (2) to improve the numerical models bymatching
numerical results with experimental data. First, we present the
fundamental results of rock fracture tests on granite under a
conﬁning pressure of 80 MPa, inwhich the conﬁning oil leaked into
the test sample and acted evenly as a high-pressure ﬂuid source.
Then, we show the results of a numerical simulation created with
commercial software using a fast Lagrangian analysis of continua
model in three-dimension (3D) (FLAC3D) (Itasca, 2000).
2. Experimental setup and data processing procedure
2.1. AE monitoring
In this study, two granite samples containing a quartz vein
20 mm thick were used for fracture testing under triaxial
compression in the laboratory. The test samples were shaped into
cylinders with the dimensions of 100 mm in length and 50 mm in
diameter (Fig. 1). The test samples were drilled so that the angle
between the vein and the axis of each samplewasw45, so that the
interfaces between the vein and host rock were unfavorably ori-
ented for shear fracturing under the loading condition. For most
granitic rocks, intact rock samples are normally fractured along a
compression shear fault oriented at 20e30 with respect to the
maximum compressive stress.
We used a high-speed 32-channel AE waveform recording and
velocity measuring system and a 2000 t loading system belonging
to the Geological Survey of Japan (Lei et al., 2000b). The AE moni-
toring system has the ability to record AE waveforms from 32
sensors with no major loss of events. It records AE event rates even
in the order of several thousand events per second such as are
normally observed before a catastrophic failure of brittle rocks like
granites. In this study, 32 piezoelectric transducers (PZTs; 2 MHz
resonant frequency, 5 mm in diameter) were directly cemented to
the surface of the test sample. Stainless steel end pieces were
attached to both sample ends. The sample assembly was sealed
with silicone sealant to prevent permeation of hydraulic oil, which
was used as the hydrostatic pressure medium. AE signals were
ampliﬁed by 40 dB and then digitized to 12 bits at a 25 MHz
sampling frequency. In addition to the waveforms, the maximumFig. 1. Conﬁgurations of PZTs and strain gages mamplitudes at two artiﬁcially selected sensors were recorded
separately by another recorder with a 99 dB dynamic range, and
were used to calculate AE magnitudes. The AE hypocenters were
determined from the ﬁrst P-arrival times with errors less than 1e
2 mm for ﬁne-grained rocks and slightly greater for coarse-grained
or inhomogeneous rocks (Lei et al., 2004). During the test, an
automatic switching subsystem was used to sequentially connect
each selected sensor (a total of 18) to a pulse generator for velocity
measurement. Thus the sensors worked as detonators. Waveforms
from each detonator were received by all the other sensors. The P-
velocity and velocity tomography were determined using the travel
times along multiple paths.
The observed peak amplitude of the AE events is somewhat
relative due to many unknown or poorly known factors such as the
coupling effect and sensitivity of the sensors. However, the relative
magnitude can be roughly determined and converted to an equiv-
alent earthquake magnitude based on calibration using laser
Doppler velocimeter and corner frequency analysis (Lei et al., 2003).
The magnitude of large events, which have a peak amplitude larger
than the input range of the waveform recorder and thus the wave-
form has become “ﬂat trapped”, can be estimated from the wave
duration based on the scaling lawbetweenmagnitude and duration,
similar to that used for small earthquakes (Lei et al., 2003).
2.2. Velocity measurement and difference tomography
To determine relative changes in velocity and attenuation co-
efﬁcients during rock deformation and ﬂuid injection, we used the
seismic difference tomography method, which has succeeded in
monitoring CO2-water displacement in porous sandstone rocks (Lei
and Xue, 2009). In this study, AE hypocenter monitoring had the
highest importance, so we distributed PZTs homogeneously on the
sample surface (Fig. 1). Such a conﬁguration of ray paths is insuf-
ﬁcient for determining detailed velocity distributions. Waveforms
from sensors #16e20 to #1e5 were then used to make a rough
estimate of the P-velocity distribution along the vertical cross
section deﬁned by the selected sensor arrays. The target section is
perpendicular to the quartz vein, which is the 1st order heteroge-
neity within the test sample.
3. Experimental results
Fig. 2 shows the P-velocities along the 5 horizontal paths
(Fig. 2a), axial stress, conﬁning pressure (Pc) and AE rate (Fig. 2b),ounted on the surface of the test sample.
Fig. 2. (a) Mean P-velocities measured along horizontal paths as indicated in Fig. 1; (b) Axial stress and AE occurrence rate versus time; (cef) Zoomed views of periods A and B
indicated above for axial stress and event time, b-value of AE and AE release rate versus time.
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B, with additional plots of b-values (Fig. 2cef). The major load/
unload steps are (1) hydrostatic compression to 80 MPa; (2) axial
compression to 425 MPa at a constant stress rate of 4 MPa/min; (3)
rapid unloading to a stress level of 180 MPa; (4) keeping the axial
stress at 180 MPa for about 120 min; (5) reloading at a constant
stress rate of 2.5 MPa/min until ﬁnal dynamic fracture. During steps
2 to 5, the conﬁning pressure was basically kept constant. However,
changes in sample volume (due to compression and dilatancy) and/
or leakage sometimes change the conﬁning pressure slightly, at
which point we operated the pump several times to force the
conﬁning pressure to be constant. At the beginning of step 4, there
was occasional conﬁning oil leakage into the rock sample.We heard
a “Pong” sound, after which the conﬁning pressure decreased
gradually (Fig. 2b). After the test we identiﬁed a hole in the silicon
jacket layer. As described below, additional sources of evidence
include the P-velocity tomography and AE hypocenter
distributions.Fig. 3 shows the AE hypocenter distributions for different pe-
riods and a section of the P-velocity distribution obtained for a time
immediately before the second loading. The hypocenters are pro-
jected to the vertical section of the two-dimensional (2D) velocity
tomography. The section is perpendicular to the quartz vein and the
major fracture plane and thus can be used to determine the main
features of AE hypocenter migration and oil-injection induced ve-
locity changes.
Signiﬁcant AE activity was initiated at a stress level of 400 MPa,
which corresponds to a differential stress of 320 MPa, then grad-
ually increased with increasing axial stress. We artiﬁcially released
the axial stress from its peak of 440 MPa to 180 MPa. We designed
multiple loading/unloading cycles motivated by a desire to inves-
tigate AE activity in different loading and unloading phases. At ﬁrst,
the AE hypocenters were distributed in the middle of the sample
with more events located in the vicinity of the upper boundary of
the vein (A1 in Fig. 3). Then the AE events concentrated within a
small cluster close to the sample surface on the right side of the
Fig. 3. Distributions of AE hypocenters for events that occurred during periods A and B shown in Fig. 1. Cell C shows the P-velocity distribution reconstructed from tomographic
inversion at time C marked in Fig. 1.
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cluster grew and diffused inwardly. Many events occurred within
the vein. The AE rate increases progressively, indicating closing in
on the fracture strength of the sample. We then unloaded the axis
stress rapidly to a low level of 180 MPa, resulting in a fadeout of the
AE activity. The AE cluster near the sample surface had clearly
damaged the silicon jacket and created a small hole (we saw a hole
w1 mm in diameter after the experiment), which led to conﬁning
oil leaking into the sample. Slightly decreasing conﬁning pressure
and signiﬁcantly increasing P-velocity along the lowest paths (Vp4,
Vp5) indicate oil leakage and diffusion inward in the sample. To-
mography measured before the beginning of the second loading
cycle (marked as C in Fig. 2b) shows an abnormally high P-velocity
zone along the lower boundary of the vein. It is known that satu-
ration by wet ﬂuids such as water or oil in dry rocks may signiﬁ-
cantly increase P-velocity. Therefore, the observed high P-velocity
zone was resulted from oil saturation.
During the second loading cycle, AE activity was initiated at a
very low axial stress of 230 MPa, as compared with the 400 MPa
initiation stress during the 1st loading cycle. Local pressure, which
should have been in the order of 0.1 Pa in the dry sample during the
1st loading cycle, had been greatly increased by oil injection. Hence,
the effective conﬁning pressure (conﬁning pressure minus pres-
sure) must have greatly decreased and become inhomogeneous
within the sample. The effective conﬁning pressure near the in-
jection hole would have been zero. The AE hypocenters initially
clustered in the vicinity of the injection hole (B1 in Fig. 3), and then
migrated down and left like a moving shell.4. Numerical simulation
4.1. Method and model
In order to examine and extend the results obtained from the
rock fracture test, we carried out a series of numerical simulations
using a commercial fast Lagrangian analysis of continua model in
3D (FLAC3D) software package. It uses the ﬁnite difference method
and has been used widely in rock mechanics and rock engineering
problems for conducting both static and dynamic analyses
(Rutqvist, 2011; Wang et al., 2013; Sainoki and Mitri, 2014). Elas-
toplastic material behavior with the well-documented Mohre
Coulomb failure criteria and a plastic model with strain hardening/
softening are used in the analysis. For simplicity, we performed a
plane stress 2D simulation. The model has the same dimensions as
the test sample, 50 mm wide by 100 mm high, and contains two
groups of rock, granite and a quartz vein (Fig. 4). The model is
discretized into 50  100 square zones with side length of 1 mm. It
has been found that of all heterogeneities, pre-existing cracks are
the dominant factor governing pre-failure and the fault nucleation
process in granitic rocks (Lei et al., 2000a). How to involve pre-
existing microcracks in the FLAC3D model is thus a key issue.
Since FLAC3D is a continua model, and the number of zones or el-
ements used to discretize the rock sample is limited, it is impossible
to treat every individual crack. As an alternative, we randomly
(with no spatial correlation) distributed some damaged elements in
the numerical model. After a number of trials, we ﬁnally set the
number of damaged elements at 10% in the granite and 5% in the
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Fig. 5. A schematic plot showing strain softening behavior.
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Fig. 4. A 2D numerical model of the test sample. The sample is discretized into
50  100 square zones with side length of 1 mm. Pre-existing microcracks are anal-
ogized by damaged zones. Material properties are listed in Table 1.
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and tensile strength values. Themajor properties of every group are
listed in Table 1. The bulk moduli of air and oil are 1  105 Pa and
1.6  109 Pa, respectively. The viscosities of air and oil are
1.8  105 Pa s and 0.05 Pa s, respectively. After failure, in order to
incorporate strain softening behavior into the model, we decreased
the cohesion, friction and tensile strength with accumulated plastic
strain following two linear paths to given values. Here, cohesion
and friction vary with accumulated plastic shear strain while ten-
sion varies with accumulated plastic tensile strain (Fig. 5). After
failure, the friction angle and dilation angle also change with the
shear strain and the associated parameters are listed in Table 1. This
model is called Model-1. Since the granite is coarse-grained,
mesoscale inhomogeneity from mineral grains is also an impor-
tant factor and should be properly considered. We tested two
additional models, Model-2 and Model-3. In Model-2 and Model-3,
the bulk moduli (K) of the granite and the veinwere modiﬁed using
a ﬂuctuation of the Gaussian distribution (spatially uncorrelated)
with variances of 3 GPa and 5 GPa, respectively. The shear moduli
(G) are given so that the K/G ratio remains constant.
Another key problem is how to count the AE events during the
simulation. As we know, in stressed rock, an AE event could result
from a new crack or from repeated rupture of an old crack. In the
presented numerical simulation, as noted earlier, it is impossible to
represent individual microcracking events. We thus simply count
an AE event when the zone status changed from “now fracturing”
(with a status of shear-n or tension-n) in a time step to “post
fracture” (with a status of shear-p or tension-p) in the next step,
which is done by a very simple FISH function.
In the calculation, ﬂuid ﬂow and solid deformation are coupled
with each other, and a combined damping is applied. For repre-
senting experimental situations, undrained boundary condition is
applied for ﬂuid ﬂow.Table 1
Material properties for the basic model used in FLAC3D simulation.
Material type Bulk modulus
(GPa)
Shear modulus
(GPa)
Cohesion
(MPa)
Tensile str
(MPa)
Quartz vein 22 8 40, 20, 0 20
Fangshan granite 19 7.6 20, 10, 0 10
Damaged 10 3.8 1, 0.5, 0 0.5
Note: The second and the third values of cohesion, friction angle, and dilation angle for
deﬁning the strain softening behavior after failure.4.2. Results of numerical simulation
Figs. 6 and 7 show the basic results of the numerical simulations
for the caseswith loading to failure under dry conditions. The sample
is ﬁrst compressed hydrostatically under a pressure of 80 MPa. For
the ﬂuid (air), undrained boundaries are assumed. We recognized
slight increases in pore pressure due to decreases in pore volume.
Then the sample was vertically (axially) compressed at a constant
displacement velocity of 106m/s. In the experiment, the axial stress
was released artiﬁcially at a stress level close to the fracture strength
during the experiment. There is noway to compare results after that
point. Among the three models, Model-2 appears to be the best. In
total, the key features, including peak strength, patterns of AE rate
and AE hypocenter distributions agree fairly well with each other.
The numerical results also demonstrate that models with larger
amplitude ﬂuctuations in rock bulk and shear moduli result in lower
strength, produce more pre-failure AE events, and the AE activity is
initiated at lower stress levels. Since the boundaries of the vein have a
dip angle of 45, unfavorable for shear fracturing, the sample fails
with3 shear faults. The upper and lower ones startedﬁrst at two sites
on the vein boundaries and side boundaries, and grew upward and
downward with a dip angle of about 30, as expected. Finally, the
major shear fault initiated in the center, and followedby bidirectional
growth. For Model-3, the upper and lower shear faults are not clear,
and the fracturing is governed by a single shear fault.
Fig. 8 shows the basic results of numerical simulation of Model-
2 (the best ﬁtting model) with a loading process similar to the
experiment. Like in the dry compression run, the sample is axially
compressed at a constant displacement velocity of 106 m/s while
constant pressure of 80 MPa is assumed at the two side boundaries.
Once the resulting axial stress reached 460 MPa, the load was
removed rapidly (105 m/s) until the axial stress decreased to
about 180 MPa. Then oil injection from a given zone on the right
side was started to simulate the oil leakage. This was done by ﬁxing
the pore pressure of the injection zone to 80 MPa. Finally, the
second loading cycle was started after 2 h of oil injection. The pore
pressure distributions and accumulated AE hypocenters are plottedength Friction
angle ()
Dilation
angle ()
Biot’s
coefﬁcient
Permeability
(m2)
Porosity
45, 40, 35 20, 10, 5 0.9 5  1017 0.015
40, 38, 35 20, 10, 5 0.8 5  1018 0.03
38, 38, 35 20, 10, 5 0.6 5  1016 0.05
each material are given parameters at strains of 0.001 and 0.1, respectively, for
Fig. 6. Simulation results showing axial stress and AE rate with elapsed time in dry
compression conditions.
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behaviors, the major experimental results, including the temporal
and spatial patterns of AE activity and fracture strength are fairly
well represented. During the second loading, the lower part of the
sample is saturated or partly saturated with the oil. Pore pressure
rises signiﬁcantly and is inhomogeneously distributed within the
sample. Pore pressure gradient, as shown in Fig. 8b, is clearly
controlled by the vein and in turn it has a control on the initiation
and propagation of the ﬁnal fracture. AE activity is initiated at the
injection zone and diffuses along a shear zone (Fig. 8b and c).Fig. 7. Distribution of AE hypocenters for accumulated events at given times marked as AeEFinally, the major shear fault is initiated at the lower left corner of
the sample. It demonstrates a unidirectional growth upward,
showing a different fracturing behavior from dry compression. This
clearly resulted from the fact that the lower part of the sample is
weakened much more than the upper part by the oil leakage.5. Discussion and conclusions
To investigate the mechanical properties and fracturing behav-
iors of rocks, laboratory experiments are necessary. However, it is
difﬁcult for experiments to cover every thermal/mechanical/hy-
draulic condition and uncertainty. Overcoming this difﬁculty is one
advantage of numerical simulation. The reliability of numerical
analyses is highly dependent on the model and the constitutive
laws used to create it. Such constitutive laws are obtained and
examined through experiments. Therefore, studies integrating ex-
periments and numerical simulations can provide better under-
standing of the role of individual factors affecting rock fracturing.
The density and size distribution of pre-existing cracks are the
most important factors governing rock fracture strength and pre-
failure damaging. However, in a numerical model, it is very difﬁ-
cult to include microcracks which have a size much smaller than
the dimension of the numerical cells. Our results demonstrate that
these kinds of microscopic defects can be well represented by
randomly distributed defect elements and random modiﬁcation of
rock properties for modeling the inhomogeneity of different min-
eral grains. The damaged cells are somewhat an equivalentin Fig. 6. Numbers in the brackets such as “805” in “A(805)” indicate the time in second.
(a)
(b)
(c)
Fig. 8. Model-2 results showing (a) axial stress and AE rate over time, (b) distributions of pore pressure, and (c) AE hypocenters for events occurring up to points AeE marked in (a).
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could be used in further studies to estimate the rock properties of
such kind of damaged cells. How to count AE events (micro-
cracking) is a critical point in FLAC3D modeling because of numer-
ical difﬁculties. By simply noting when zone status changes from
shear-n or tension-n to shear-p or tension-p between two
consecutive time steps and counting that as an AE event, we were
able to represent AE activity patterns during compression and ﬂuid
injection. We adjusted the density of defect elements and ﬂuctua-
tion amplitudes of rock moduli in our models to match the exper-
imental results. These factors can be easily linked with measurable
rock properties such as the grain size distribution and pre-existing
crack density. It is worth noting that the dynamic fracturing process
and post-failure process in the numerical simulation have not yet
been sufﬁciently modeled. AE data are also somewhat quantitative.
Therefore, our approach is useful for monitoring and risk assess-
ment purposes. Multiscale modeling and dynamic analysis with
consideration of rock properties changing with deformation are
required for representing dynamic fracturing behaviors and quali-
tative AE data. This is an interesting issue for future work.
In conclusion, in order to investigate the role of over-pressured
ﬂuid in triggering rock fracture and fault instability, the authorscarried out both rock fracture tests under triaxial compressionwith
ﬂuid injection in the laboratory and using numerical simulations.
The high-speed multichannel AE waveform recording system used
in this study made it possible to examine the pre-failure and failure
behavior of the test samples by monitoring AE hypocenters and
seismic velocity. We examined the experimental results, including
AE activity and injection-induced fracturing, and enhanced them
using a numerical simulation approach. Both the laboratory and
numerical results demonstrate that injecting over-pressurized ﬂuid
into a stressed rock strata can dramatically reduce the strength of
the rock mass and thus trigger fault slip or rock fracture. Fracturing
nucleation positions can be greatly alternated by high-pressure
ﬂuids. Our study indicates that it is important to include both
mechanical inhomogeneity and damaged elements for pre-existing
cracks in the numerical models. Our study also demonstrates that
numerical models can be greatly improved by linking laboratory AE
experiments and numerical simulations.
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